For offshore large multi-megawatt direct drive wind generators, because of its ability to generate high flux fields, superconducting (SC) technology can offer significant size and mass reduction over traditional technologies. However, cryogenic cooling design remains as one of the major obstacles to overcome. Different cryogenic cooling designs, such as warm shaft and cold shaft rotor design, present different advantages and challenges technically and commercially. This paper presents the investigations on both designs for large SC generators from manufacturability and service perspectives.
Introduction
Extensive research has been performed on large multi-megawatt (8+MW) direct drive wind generators using high temperature superconducting (HTS) technology. Compared to traditional rotating machines, HTS machines have demonstrated higher efficiency and power density as well as significant size and weight reduction illustrated by Barnes et al. [1] and Schiferl et al. [2] . For large direct drive machine, most of the traditional machines are not viable options because of the large size and weight; HTS is one of few feasible technologies, considering active material usage, power density and efficiency. Even though HTS technology is very promising for wind applications, many technical and commercial challenges still exist. HTS technology is a proven technology, mostly in the research and academic fields, but it has not been widely accepted in the commercial world. Some of the reluctance comes from the lack of long term field test data and high manufacturing and maintenance costs, which are strongly related to the rotor design topology. To address these issues, this report focuses on the two rotor topologies: cold shaft and warm shaft.
Normally, cold shaft rotor design consists of the entire rotor core encased in a vacuum chamber and coupled by two torque tubes between the rotor core and external shaft. HTS material is mechanically supported inside the rotor core. The entire rotor core, also referred to as the cryostat, is vacuum sealed and thermally isolated from the surroundings. Torque tube is usually made from thermally insulated materials, such as G10, which are mechanically strong enough to transfer torque to the external shaft while minimizing heat transfer between the shaft and the rotor core. For warm shaft design, only the HTS material and minimum rotor support structures are vacuum sealed and cooled to cryogenic temperatures. The cryostat does not include most of the rotor support structures and is thermally isolated from the surroundings, which leaves the rest of the rotor structure at room temperature. A single steel shaft is sufficient to transfer the torque. Because there are many possible designs for the warm shaft, we want to focus on a warm shaft design where each individual pole contains a fully vacuum-sealed cryostat unit.
Cold Shaft Advantages and Challenges
For cold shaft design, the advantages and challenges are listed as follows:
Advantages
Simplified piping and current lead design Challenges Long cool down/warm up/evacuation/testing times High downtime costs Possible high factory and overhead costs for the manufacturing facility
Cold Shaft Advantages
Most likely, a cold shaft design has a single inlet/outlet for the cryogen, which simplifies the piping design. Another advantage is the current lead connection in between the poles. All the connections can be brazed in series inside the vacuum chamber. Assuming each current lead is capable of carrying the rotor current, once the vacuum chamber is sealed, the rotor will have two current leads at the end of the assembly. All these advantages help minimize potential heat leak regions during operation.
Cold Shaft Challenges
The major challenge, especially for large rotors, is the cooling and warm up rate. The cooling rate has to be sufficiently slow to allow the rotor materials to contract without compromising the physical integrity of the rotor. The main factor behind the cooling rate is the mass and thermal capacity of the material. For large rotors, it may take months to cool the entire rotor down. Also, for most HTS rotors operated at high level vacuum, it may take weeks or months to achieve that level of vacuum for a large rotor.
Manufacturing Challenges
For HTS machines, both cool down and evacuation time can cause a major delay in manufacturing schedule. The moisture level and environment cleanliness can have an effect on the vacuum integrity and the vacuum time of the system. It is also not economically feasible to build a large environment-controlled room to contain the entire rotor.
A commercial company needs to consider the initial capital investment plus the yearly maintenance costs. The testing times and costs can vary based on the manufacturing quality. If a flaw in the rotor is detected after the rotor is cooled down, the entire vacuum/warm up/cool down process has to be repeated after the repair.
Cost Estimation Associated with Maintenance
From a maintenance standpoint, the utility company has to consider the costs associated with the warm up and cool down time, in addition to the transportation, removal, repair and installation cost. From most reference papers describing conceptual designs for a 10 MW direct drive wind generator, the weight varies between 102,000 kg to 200,000 kg [3] 4] [5] . For a rough estimation of cooling time of a cold shaft rotor, the following are assumed:
Rotor is 50% of 102,000 kg = 51,000 kg The cold shaft rotor is 100% stainless steel. The cooling rate is sufficiently slow to make the stainless steel temperature uniform over the entire volume and equal to the cryocooler temperature at all times during the cool down. 6 cryocoolers are used, with the performance of each cryocooler shown in Fig 1. HTS operating temperature is 30 K. [6] Using an example from Iwasa [6] , Table 1 shows that it takes 120 days to cool a 51,000 kg solid block of stainless steel from the initial temperature (T i ) of 300 K to the operating temperature (T op ) of 77 K, and it takes another 17 days to cool from 77 K to 30 K. The total cooling time ( ) is 137 days, which is more than 4 months. Even though this is a conservative estimate, this provides a starting point for a conservative cost estimate. Currently, the U.S. utility company is charging US$0.10/kWh. Assuming a spare rotor is ready to be installed, a 4-month downtime, due to warm up and cool down time, costs nearly US$3,000,000 (EUR 2,200,000) for a single 10MW turbine. This is the potential cost assuming the wind turbine operates at a constant 100% output, which may not be the actual case. This does not include repair, transportation and other costs. When the wind turbine is down for repair, the utility company may have to reroute the power from other sources, which adds additional costs. At the end, the total cost for the utility can be tremendous, and the investors have to evaluate all the cost benefits to determine whether it can be feasible and profitable to make such an investment.
Warm Shaft Advantages and Challenges
For the warm shaft design, the advantages and challenges are listed as follows:
Advantages
Shorter cool down/warm up/evacuation/testing times Parallel production Lower downtime costs Cheaper to control facility environment Challenges Complex cryostat, piping and current lead design
Warm Shaft Advantages
Since each pole is a cryostat, the pole can be manufactured in a smaller environmentally-controlled facility. It is much more cost effective for companies to build and maintain. This allows better control over the moisture and dust levels, which can improve the vacuum quality and time. Because the vacuum space in the cryostat is smaller, with fewer vapors trapped in the cryostat, it leads to faster vacuum times, and higher vacuum levels. Instead of having to evacuate a fully assembled rotor, each cryostat is vacuum sealed and tested before the final assembly. During the tests, because of smaller mass, a pole can be cooled down within hours to a few days, compared to few months for cold shaft design. Since each cryostat can be manufactured in parallel with each other, if a cryostat fails during the test, a replacement can be brought in and tested with minimum impact on overall manufacturing schedule. From maintenance standpoint, because of the shorter cool down and vacuum time, the downtime and the associated costs are reduced tremendously. Since each cryostat is an individual unit, for certain failures, it is possible to replace the cryostat on the wind turbine and resume operation with minimum down times. It is also more economical for companies to store spare cryostats, compared to spare rotors.
Warm Shaft Challenges

Cryostat Design Challenges
The major challenge for warm shaft design is the cryostat design. Since each pole is a cryostat, the room for vacuum and thermal insulation is reduced, which increases the design complexity. Radially, the design space is constrained to the space in between the poles, shown in A preliminary design is shown in Fig. 3 for a concept of a single cryostat pole assembly. The HTS material is supported inside the inner box and cooled by embedded cooling channels. The gap in between the outer box and inner box is maintained by insulation standoffs.
For heat leak's estimation, three forms of heat transfer are considered: conduction, convection and radiation (Iwasa [6] ). The Fourier's equation for heat conduction is given as follows.
dx dT kA Q (1) Where it measures the change of temperature (dT) across the length (dx) and cross sectional area (A) of the material. The material thermal conductivity (k) can assume to be constant for insulator for approximation purpose.
For convection calculation, assumed low vacuum level (<10 -4 torr), the value of Q is given as follows.
Where g is the estimation of residual gas viscosity for surface area, A, exposed to convection. P g is the vacuum pressure level in the cavity.
A modified Stefan-Boltzmann equation is used for radiation heat transfer. Equation (3) accounts for the effect of Multi-Layer Insulation (MLI).
Where N i = layers of MLI and Q r = radiation heat transfer without MLI (W).
After a quick assessment of the cryostat's performance using these equations, many refinements are still needed to improve the cryostat's thermal performance. Detailed analyses, such as finite element analysis (FEA) and computational fluid dynamics (CFD), can help fine tune the model.
Piping and Current Leads Design Challenges
For warm shaft design, if each individual pole is a cryostat, each cryostat will need connection to the cryogen inlet and outlet and also connection to the leads. A special manifold is needed to divide the cryogen flow into each cryostat. With so many connections to the cryostat, the bending radius and the flexibility of the cable have to be considered for the design. Each connection has to be thermally insulated to minimize heat leaks. Higher heat leak means higher load to the cryocooler system, which increases the costs due to additional cryocooler units.
Other Commercial Challenges
The commercial industry has a general perception of rugged-built electric machines due to many years of using traditional direct current (DC), induction and synchronous machines. These machines have been well optimized for many years from cost and manufacturing stand points. Even though it is not economical to use these traditional machine topologies for large multi-megawatt direct drive turbines over 6 MW rating, the general perception still exists. The industry still expects similar quality and manufacturing standards. There is a huge barrier for the industry to accept superconducting technology due to many misconceptions. The industry still views HTS and cryogenic systems as laboratory developments, rather than commercial systems. The industry needs to be continually educated and made aware of the significant improvements in the superconducting technology. With similar comments expressed by Karmaker et al. [7] and Frauenhofer et al. [8] , testing needs to be performed on HTS tapes and subsystems, including crycoolers and rotating unions, in harsh environment to prove their ability to withstand severe operating conditions.
Conclusion
For large multi-megawatt rated HTS machines, the rotor design topology can have tremendous influences on the costs associated with the overall machine. At the same time, the complexity of the rotor design increases due to the focus on manufacturability and serviceability. Careful evaluation of both topologies is critical to further improve the design to help lower the manufacturing and maintenance cost. One of the major manufacturing challenges for HTS machines is the competition against well-optimized traditional machines. The commercial world is accustomed to the manufacturing of traditional machines, which have been refined for many years. For HTS machines to be accepted by the industry, one must demonstrate similar robustness in manufacturing and reliability compared to their traditional counterparts. By continuing to lower the HTS costs and improve the manufacturability/maintenance costs of the machine, it can spur interests in the commercial world and help the HTS technology to be more accepted by the industry.
